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ratioralised in terms of variations in the principal lattice
strain which in turn arises from variations in the 8 lattice

parameter with solute content.) Fetn

On the basis that the a and 8 lattices occur in the
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possible'a and 8 slip and twinning systems, four variants of
a-type slip systems in o are parallel to 8 slip systems
(systems B,R,S and E, Ref, 13§ and two variants of (c+a)-type
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duction of the interface phase restricts slip across the
interface to only two variants (2 R for one oriemtation of

the interface phase, S R for the other) for which there are
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The occurTence cf the interface ;hase in (ot ~3) titaniua alloys is revieved,

and {¢t is shown that the obsexved f.c.c. structure and orieatation relatiocnmsiaiy

2ay be exzlained either by appropriate choices of lattice shears in the /5 shase
folloved by atomic sauffles or dy application of %the 3owles-¥ackenzie thenmome-
mological theory of martensite transformations. In particular, the %two orientatica
rslationships which ars reported to occur between the iaterface phase and the
lattice are rationalised in teras of variatioms in the principal lattice stirain
which in turm arises from variations in the / lattice sarameter with solute
content.

On the basis that the o\and/ﬁ lattices occur in the Burgers crientation rela~
tionship, i*; is shown that of all the jossidle Xand /I slip and twirning systems, /]
four variants of a=type slip systezs in o{ are parallel %o IJ slip systems (systexs

3,3,S and E, Ref. 13) and two variants of (g + 2)-type slip systems in of are

parallel %o “/J twinning systems. Iatroduction of :he interface thase resiricts
slip across the interface o only two variants (2 R for one oriemtation af the

terface phase, S i Zor the other) for which there are rarallel or closely
sarallel f.c.c. slip systenms.

Transmission electron aicroscopy of Ti-1.8%Mn and Ti-3.S%Ma alloys heat
treated to provide a structurs consisting of Widmanstatten ¢ platelets in a‘lmtrix
snd strained up to 6% in compression showed (i) that the interface phase cccurzed _r.
in the polyerystalline form and (ii) that it appearsd o act as a barzisr to slip
from A to ﬂuﬂ phase. However, it is considered that the effectiveness of the
interface phno,{l in these alloys in providing a barrier %o slip arises primarily
from its fine polycrystalline structurs.




(A) INTRODUCTION

The existence of an 'interface phase' at a/8 boundaries in
ticanium alloys was first reported by Rhodes and Williams (1) in Ti-6%ZAl-
42V who found that it occurred either as a 'mrmolithic' single crystal
layer with an f.c.c. structure (a ¥ 426 pm) or as a striatad layer ~200 um
thick consisting of platelats which gave rise to selected area diffraction
patterns with arced reflections characteristic of tha so-called "Type 2a" (2)
(hexagonal a phase which is not related to the 3 by the Burgers orientation
relationship.) The occurrence of these two types of interface phase
appeared to be related to cooling ratas, i.e. the rate of growth of Widmanstatten
a plates into the retained 8; the f.c.c. form being appareatly favoured
by slower cooling r:&s. Hall (3) working with the same alloy confirmed
the existence of both phases and astablished an orientation relationship
becween the 2, 8 and monolithic (y) phases as:~

(0o01) /7{111}, /7 {110},
120>, // <1'10>Y// ali>,

vhere the v structure was either £.c.c. (a ™ 436pm or f.c.t. (a ¥ 432 pu,
C/q ® 1.13) depending upon heat treatment. The hexagonal structure of the
striatad (p) form in slowly cooled material was often, though not always,
related to the primary & by the orientation relationship.

to0l0) ,// (1ofo)p

(ooct] ,// 4313

The existance of the interface phase was also rsportad to ovccur
in Ti-437 Mt and Ti-6241-23Sa~42Zr-62Mo alloys (4) heat treated to produce
a structure coisisting of both equiaxed and Widmanstatten a plates. In
these alloys the structure of the intarfacs phase was reportad as x (hexagonal)
{n & {1011} owin orientation to the parant a plate. However, in more recent

wozk (5) (6) it has been found chat che incerface phase had the £.c.c. (or

possibly £.c.t.) structure irrespective of whethar it occurred in the
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'monolithic' or 'striacead’ foram, the striaticns now being recognised as
{111} twins, Hallam & Hammond (6) working with the aear a' alloy
Ti~62AL~522r~0. 57M0~0.2325i-0.02%Fe, distinguirhed three morphological )
forms - the monolithic (single crystal); {l11ll; twinned, and polycrystalline, !

the latter form apparently being favoured by slower cooling rates. The i

lattice paramster was found to be 435 pm and the orientation velaticaship:~

(ooo1) /7 foo1, /711103,
120> // 41°>~r/ /411>,

Por the polycryscalline form, several variants of the above v”-3
orientation relationship were sbserved, the most dominant of which only
possessad the above a'..f orientation relationship.

The literature sunmarised above gives a very fragmeatary account
of the mode of formation, morphology and crystallography of the interface
phase. TFirstly, the structure has been 2stablished only om the dasis of

' alectron diffractieom pattems which, because of the faiat diffuse or

' streaked spots that are generally observed, leads o considerable uncertaincy
I in lattics parameter determinations. The possidility of establishing the
structure usiang x~ray diffraction has been vitiated because (a) the inter-
face phase occurs only in small volume Sractions (2% in the alloys studied
to daw (b) It is highly dislocated (leading to the diffuse electron
diffraction spocts) and hence broadened x~ray reflections and (g) the
f.c.c. d-spacings coincide closely with g (hexagonal) d=-spacings and hence
would be obscursd in the much more intense a x-ray diffracticn peaks.
Similarly, attempes have been msde to ralate the morphology and thickness
of the intarfacs phase to variations in heat treatment - interrupted
cooling, cooliag at differeat rates etc. The resulcs to date have, howaver, by

ao mesns been conclusive. What is certain is (a) that the intarface phase

forms from the 3 during cooling and does us: develop duriag isothermal holdiag




at elavated temperatures and (b) does not Zorm at the a (mrtensitic)ls

interfaces in quenched structures. It therefore appears to be an
hterzaiize phase which is associated with the transformation of 8 to ¢
at a moving a/8 interface.

A Dore important question is concermed with the effects of
the interface phase on mechanical properties; in particular its effect
(a) upen slip propagation across the intarface, (b) on void nucleation
and growth at the intezface during conditions of temsile loading or low
cycle fatigue and (¢) fracture characteristics.

Rhodes mmd Paton (7) attempted to relate interface phase width
to the room temperature tensile properties of Ti~-6ZAl=4ZV - not a
straightforward task since manipulation of interface phase width also
results in changes in voluma fraction of the primary ¢. Their results
do howaver indicate that elongation is reducad by increasing intarface
phase width up to 250 um and that yield szrengrch is increased by increasing
interface phase width above 250 1m - i.e. that _he interface phase acts
as a barrier to slip. Brown and Smith (8) invescigaced fatigue crack initiatiom
in Ti-6%A1-4%TV with an‘aligned a' microstructure but foumd that for fatizue

-]

lives between 106 and 10” cycles the interface phase had no measurable

affece.

Similarly, Northwood and Dosen (9) failed to detect amy affect
of intarface phase ou ductility and fracture strength in 'Excel', a Zr-3.35%
S0~0.852M0-0.824b alloy heat treated in the 3 and (a + 8) phase fields -
changes in ductilicy and strength in certain temperature ranges could be
associated with the onset of w formation rather than the presence of
interface phase. Hence, the question of the effect of the intsrface phase
on slip propsgacion and the implications for void formation, fatigue and

fracturs characteristics, is by co means answerad.
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It was decided to approach the problem of the effec: of the
interface phase oun slip propagacion from two directions. Firstly, a
crystallographic amalysis of the reported oriemtation relationships between
the interface phase aud 3 and the parallelisms between variants of all the
possible slip systems inm a, f£.c.c. and 3 and secondly an electron microscop
study of slip propagation in ¢ + 3 alloys that had been lightly deformed

in compression.

(B) ALLOYS & EXPERIMENTAL TECHENIQUES

The alloys chosen for study were Ti~1.3%¥n and Ti-3.9%2Mn, solutior
treated in the 3 field at 900°C for 1/2 hour,. furnace cooled to 700°C
(to precipitate Widmanstatten z plates and the interface phase), held at
this cemperature for 24 hours (to equilibrate the structure) and wacer
quenched. This heat treatment produced Widmanstatten a plates 3=4 inm
thick in a retained 3 matrix of compositiom 11X Mz. The phasa proportioans
were 18% 8, 82% a (in the Ti-1.80n alloy) and 37Z 8, 832 a (in the Ti-3.9%7
Mo alloy). The specimens in the form of 6mm diameter rods were deformed
1Z, 5% and 6% in compression. They were then machined down to 3mm diameter
rods and discs lmm thick were then sliced from the rods using either a
water-cooled slitting wheel or by spark-machining. The discs were then
ground dowm to a thickness of ~100 um using fine silizon carbida paper,
care being taksn not to introduce deformation iz the process. Thin foils
ware then preparsad by the two stage jetting and polishing method. The
first stage cousiscs of 'jatting' each surface of the disc (which is mounted
on a stainless stael gauze) with a strsam of alectrolyte. If the corvect
conditious of alectrolyta flow rate, voltage and stream diameter ars achiave
a dish-shaped profile on each surface will be obtained. Tha speciman is

then final polishad ian a bath of electrolyte, the process being stopped




immediately cn perioration - the object being to cbtain a small hole in
the centre of the specimen which is surrounded by a thin area. The
advantages of this technique over the "window" or 'Bollaan” dethods are
(1) it obviates the necessity of cutting the thinned specimens (2) the
thick rim around the central perforation can stabilize the specixzen
against possible spontanecus transformatiom and (3) the jetting process
removes any surface deformation introduced during the grinding process.

The polishing solutions used initially were:-

295 ml methanol

175 ml butoxyethanol
30 ml percholoric acid

'Jetting' solution at rocm temperature
and v120 volcts.

295 ml methanol
175 ml butoxethanol
6 ml perchloric acid

'Final polishing' solutiom at <~40°¢C
and 6v12 volts.

These sqlu:ior.s, which have been used for a wide range of a,
s + 8 and 3 titanium alloys, were completely unsuccessful for the Ti-Mn
alloys and it was found impossible to control the conditioms to avoid
etching on the one hand and pitting om the other.

Hencs, the polishing solutions used finally were:-

300 ml zethanol 'Jecting’ solution at room temperature
30 ml sulphuric acid and 70 volts.

300 ml methanol 'Final polishing' solutiom at <=50°¢
15 ml sulpburic acid and V12 volts.

These solutions gave rise to brightly polished specimens but
which, under the electron microscope, wera Sraquently covered with a thin
amorphous or finely crystalline oxide film. It is not clear from which
stage of the specimen praparation process this oxide film arose. Attempts
wars zade Co clean the specimens by immersing them in concentrated nitzic
acid but this tachmique was oot successful in removing the oxide film.

The specimens were examined in a JEM 120 electrom microscope

operating at 120KV, This microscope is fittaed with a top entry specimen




! stage which is capable of (X 10°) tilt, and the selected area 3diffraction '3

blades are approximately in focus at a magnification of 12X.

(C) RESULTS 1]

(1) The Crystallograohy of the Interface Phase

It is now recognised that che interface phase in all its three
morphologies has f.c.c. or £.c.t. structure and the attampts to describe
it as a in a {1011} or {1012} twin oriemtation to the matrix ar orobably
mistaken. However, the question remains as %o why the interfa ohase
should show two apparently distinct orientation relationships he 3

(from which it forms) and hence also c.

One approach is to consider possible shear mechamisms which
transform the b.c.c. structure to the f.c.c. structure in the observed

orientation ralatiomship.
-ta/2 [ -1
Casa (a) A shear of tan b y3 = tam

plane in a <110> direction (i.e. the passage of a a/5 10> dislocaticn 1

wir

across every {110} plane will generate an atomic arrangement close £o

f.c.c. as showm in Figs. la and b. Lattice distortions as indicated will ’
then give rise to the f.c.c. structure which, on the variant of the shear

system shown in Fig. 1 is

(OII)bcc// (111 fec

- - (Case (a))
[i], . //CTor]
£

cc

This shear mechanism is of course nothing more than zhe 'iaverse' if

of the Kurmijumov-Sachs mechanism proposed to describe the crystallography

of the austenite to martensite transformation in steels.
Case (b) A twinning shear on every alternate (112 }bcc plane
generateas a fine stack of 1’.].].2]'1“:c twins. As shown by Fallam and Hammond

.(6) the atomic arrangement of this fine stack of twins is approxizataly




f.c.c. and small distortions and shuZfles will genevate the

'y
[¢]
(2]

struccure. For the particular variant of the twirning syscem:-

(112) i}
bee

parallel to (101) TTo1 I, .

The predicted orieatation relatiocnship is:-

(110).Dcc//(010)fcc ;
(Case (b)) ?

T [Tot
Llllibcc - ]fcc

These mechanisms are incomplete insofar as they ignore the

nature of the "distortions" which are required %o produce the final Z.c.c.

structure and the requirements for an undistorted interface plame. They
do sugges: however that the two f.c.c. oriemtations may be associated with

diffarent shear processes ia the 3 and a;

In Case (a) <°11)8//(111)fcc//(00°1)a- i.e. basal slip ia ¢
In Case (b) ' -
(See Ref. (6):~- (112)3//(101)fcc//{lolo}a- i.e. prism slip in & '

It is however suggested that the question may be answered
more comprehensively in tarms of an analysis of the 3+ Z.c.c. transformaticn
in terms of the phenomenological theory of zartensite transformation.
Although the 3+ f.c.c. transformation is clearly aoc diffusionless,
martensite theory has been succesaful in describing the crystailography
(habit plane and orientation relationships) of other transformatioms in
which diffusional processes occur.

The fizst stage in thae analysis is to establish the corrsspondence

between tha d.c.c. and f.c.c. lattices.

[Ty e
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The correspondence chosen is illustrated in Tig. 2 and this

involves the smallest distortions vequired to trarsferm the S.c.:. lattice !

to the $.c.c. lattice. It is simply che iaverse of the Bain correspondence

for the austenitic = martersite transformation in sceels. The lattice scra:

such that:-

a; ~ ag. . ia the !_001]5//[001] goc Girection and
/755 +a. . oormal to the @01]3//@011 o direction

and is described by the principal lactice strains:-

P. = af::c: P. = afc:r:
1 7538 * T2 as

In general P'L <1 and E’2 > 1. The pracise values depend of course on

the ratios of the b.c.c. and f.c.c. lattice parameters. Ia the case of

steels typical values of e ” 287 pm and a = 356 pm zive P, = 0.58,

1

however, in the case of titanium alloys P, values are much claoser to unity,

fce

e.3. for a; = 320 pm and e " 420 ~ 450 pm, 1’l = 0.93 ~ 0.99. When Pl
is umity the (001)3//(001) fee plane is the undistorted or invarian: pizne
of the transformation; it is identified with the habit plane and the 3

and the f.z.c. crystals axisc in the 'Bain' orientation relationship:-

(001) /(001 ¢

(110] 8//[100] fee

For the general case whare ?, <1, the lattice (Bain) strain
is no longer an invariant plane strain. If however the lattice strain
is accompanied by a lattice invariant shear (L.I.S.) (of a magnitude that
can be calculated), the total strain of the transformation (lattice strain
plus L.I.S.) is an invariant plane straiz and the invarianc plaine is

identified witch the habic plane of the transformation. The invariant planes




f.c.c. and small digrortions and shuffles will generate the 3.c.c.
structurs. For the particular variant of the twinning syscem:~

(112) i ]
bee

parallel to (101) [To1 J, .

The predicted orientation relationship is:-

(110)bcc//(010)fcc

(Casa (b))
~ 1T To1
Lllljbcc E ]

fce

These mechanisms are incomplete insofar as they ignore the
nature of the "distortions" which are required to produce the final f.c.c.
structure and the requirements for an undistorted interface plane. They
do suggest however that the two f.c.c. orientations may be associated with

diffarent shear processes ia the 8 and a-;

In Case (3) (011)3//(111)fcc//(°°°1)q‘ i.e. basal slip in ¢
In Case (b) . -
(See Ref. (6):- (112)3//(101)fcc//{lolo}a- i.e. prism slip in o

It is however suggested that the question may be answerad
more comprehensively in terms of an analysis of the 8+ S.c.c. transformaticn
in terms of the phenomsnological theory of martensite transformation.
Although the 3+ f.c.c. transformatiom is clearly not diffusionlass,
martensite theory has been succesaful in describing the crystailography
(habit plane and orientation relationships) of other transformations in
which diffusional processes occur.

The first stage in the analysis is to establish the corraspondence

between tha d.c.c. and f.c.c. lattices.

-
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The correspondence chosen is illusctrated iz Tig, 2 and tiis
involves the smallest distortions requirad to transfora the d.c.:. lattice
to the Z.c.c. lattice. It is simply the inverse of the Bain correspondence
for the austenitic - zarrensice transformation in steels. The lattice stra:
such that:~-

3y = ag,. in the EOOI]s//[_-OOﬂ goo direction aad

direction
fcc T

/'z'.-';s +a, . nDormal to the E)OI]S//E)OQ

and is described by the principal lactice strains:-

a a,
P. = fce P. = —S€
1 7233 ’ 2 aB

In general ?1 <1 and ?2 > 1. The precise values depend of course om
the ratios of the b.c.c. and f.c.c. lattice parameters. Ia the case of

steels typical values of e * 287 pm and . 356 pm zive I’1 = 0,88,

however, in the case of titamium alloys P. values are much closer to umity,

= 420 ~ 450 pm, B, ~ 0.93 % 0.99. When P,

is unicy the (0OO1)_//(001) plane is the undistorted or invariant plane
8 fae

e.g. for ag = 320 pm and 3z
of the transformation; it is identified with the habit plane and the 3

and the f.c.c. crystals exist in cthe '"Bain' orientatiorn relatiomship:-

(001) B//((3(31) fee

[d10],//(i0d] 4

For the gzeneral case whare P1< 1, the lactice (Bain) sctrain
is no longer an invariant plane strain. If however the lattice strain
is accompanied by a latcice invariant shear (L.I.S.) (of a magnitude that
can be calculated), the total scrain of the transformation (lactice strain
plus L.I.S.) is an invariant plame strain and the invariant plane is

identified wizh the habit plane of the transformation. The invariant planes

TR e ——
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of the product and parent lattices are not parallel, a rotation is
required to bring them into coincidence and it is this rotation (away

from the 'Bain' orientation relatiomship of Fig. 2) which gives rise

to the observed orientation relationship. -
The lattice invarisnt shear is usually taken to be a slip
or twinning shear in either the product or the paremt lactices. In
the case of steels and iron base alloys two L.I.S. systems have been
identified (10).
System I -~ corresponding to twinning in the b.c.c./b.c.t. :

phase (martensite) which on the above variamt of the corrvespondence is:- 3
- =
11
) [1], .
(o) Ciot T4,

System II - corresponding to faulting or twianiag in the f.c.c.

phase (austenite) which on the above variant of the correspondence is:-

(ri) CaZ], .

(o11) Co11], ..

Shear System I describes the crystallography of che "{259}"
habit plane martensizes in (for example) Fe-1.78%C, Fe-222Ni-0.82C and
Fe=31ZNi alloys and Shear System II describes the crystallography of the

martensites in low stacking faulc energy scainless steels, “or example

e

Fe=172Cr-9ZNi and Fe-122¥n~-10%7Cr—-4XNi (10).

It is seen immediately that System I corresponds to the shear
analysis in case (b) above and Systam II corrssponds to the shear analysis
in case (a). In the prssent case, the observation that the £.c.c. phase is
frequently twinned suggests that Shear Systam II is operative. This system

has been previously used to describe the f.c.c. partsnsits transformation




-10=~

in Ti-5%Mn alioys (11) and a stersogram showing the resulcs of che
analysis is shown in Fig. 3 which should be compared with Fig. 2. The
arrows indicate the directions in which the habit plane normal and

" {100} f.c.c. poles move (as a result of the rotation required to dring
the invariant planes into coincidence) and the scale markings along these
arrows indicate decreasing values of Pl from 1.0, 0.99, 0.98 ete., it

can be seen immadiataly that the (Olo)f.c.c. pole moves only a small

angle from (flo)s, the (111)f c.e pole moves towards (011)3 and the

(io1) pole moves towards (fII)P. The Kurdjumov-Sachs orientation

f.c.c.
relationship is then a statemsnt of the parallelism of the polas

(or directions):~

@/,

~—— - (a)
L]/l ], . ..

which is, of course, the orientation relatiomship that it closely obeyed
for austenite -+ ferrite transformatiom.
For the 3+ f.c.c. transformation in titanium alloys, it can

be seen that since the P1 values are closer to unity and because of the

inherent inaccuracy of orientation relationship determinations by alectron

diffraction, the orientation relacionship may be stated as:~

(110)8//(°1°)f.c.c.

- _— (b)
Cin: Jg//CTon ], . o

Footnote
It is important to note that the particular variants of thae
corTeaspondence, orientation relationships and shear systems quoted in the

section C.1 in the text and illustrated in figures 1-3 have been chosen

to be entirely self-consistent.
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These orieantation relationships (a) and (b) are of course
the orientacion relacionships quoted for the intarface phase and are seen
to differ by only a few degrees. TFurthermore, the analysis predicts thac
the larger the observed f.c.c. lattice parameter, i.a. the larzer the P1
valuas, the mora closely does the orientation relationship coincide with
(b). Examination of the litarature appears to confirm this. For example,
Rhodes & Paton (5) find that in the Ti~-6ZA1-4ZV alloy 3 . " 426 pm and
that the Kurdjumov-Sach orieatation relationship (a) is obeyed. Hallam
and Hammond (6) find chat ia the Ti-6ZA1-5727r-0.5M0-0.237Si alloy 2 L
435 pm and that orientation relationship (b) is confirmed. It is hoped
that further measurements of 8 and f£.¢.c. lattice paramater relationships
wvill be made to check the analysis.

A further prediction of the analysis is that intarface phase
which forms ac different temperatures in a given alloy may show different
orientation relatiorships. The lower the temperature in the g+8 phase
field, the more solute~rich is the 3 from which the interface phase
forms. Since 8 stabilizing alloying elements raduce the 3 lattice parametsr,
then for a given £.c.c. lattice parameter Pl will be lower at lower
tezmperaturs and hence the interface phase in oriemtation (a) will tend to
occur. In continuous cooling conditions whersa the interface phase
nucleatas icross a whole tsaperature range a whole range of orientatioms
would be expected to occur.

With regard to the effect of the interface phase on slip
propagation across the interface, it would be expectad that slip
propsgation would not be affacted differsntly by the two similar orient-
ations and in this sense the distinction is not important. However, the
anslysis of parallelism of slip systems in 4, 8§ and f.c.c. has also been

carried out on the basis that orientation (b) occurs as a different variant

which may only be converted to varianc (&) by a large rotation.




This appears in fact to be case. Consider for example the particular

variant of the 3/f.c.c./a orientation relatiocmaship (a);

(011)3//(111)f_c.c.//(0001)=

- [1'1'1]5//['1'01]

This variant in terms of orientation relationship (b)

" 112
f.c.c.//_ Ho ]a

(see Fig. 3) is expressed as:-

(110) B//(010) f.c.c.//(]‘ml)a

CiT1 ] /001 ] 11CT20]
£.c.c.

C.C

Which is not the variant of the intarface phase which has

" {100} £.c.c.//(0001) .

C(2) Analysis of Slip in a4 and 3 and che interface Phase

The 8 slip and twinning systems are:-
{110} 411> (12 varian:s)}g.- a/, <ll>

" {112} <l11> (24 variants)

The dominant o slip systems are:-
(0001) <1120> (3 vartanmts)
" {1010} 4120> (3 van‘.ancs)z, b=a
" {1011} <«1120> (6 varianmes)
{1122} 4123> (6 variamts) b =(a + ¢)
The f.c.c. slip and twinning systems are:-

" {111} <10> (12 variants)

" {111} 412> (12 variants)
Consider first parallelism between slip systexms in the 3 and 3 phases
(no interface phase present) for the particular variamt of the Burgers

orientation relationship:=




-3~

(110)3//(0001)6
ijl]s//@'z'l )]

a

For this variant of the orientation relatioaship the habit plane is

(334), l/(§140)¢. Fig. 4 shows that the parallel or closely parallael
systa:m are:-

B:- (Ioro) [1Z21d] /712y (B1f] ]
= (lo1n) [219] /7011y (117,
s:=  @oln) [ag] /saeD (I,
2~ (ooon) (121q] /7o) I,
M22) i3] /a2 Qg (. 2 slip in a

- = closely parallel (~5°)
(T122) ([a23] /72y g &% fag o 8

a slip in a

Hence, only &4 variants of a shear systems (labelled B, R, S, E)
are parallel to slip or twinning systems in 8 and all have a common [1210] /!
f}il]s shear direction which lies ~11° from the habit plane. The two
(¢ + a) slip systams are closaly parallal to twinning systams in the 3.

The (¢ + a) dislocation has a complex core structure and consists of a
zonal dislocation which produces a stacking fault shear in three successive
planes plus three partial dislocations which annihilata the stacking faults
(12). Depending on the dirsction of shear the stacking faults may either
precede or follow the zonal dislocatiom.

The important comsequance of this geomscry is thact the shear
stTess required to move the dislocation is asymmecric with respect to the
shear direction, i.e. the shear stress required to glide the (¢ + a)
dislocation on the (1122) plane in the[”TT23 Jdirection is less than the
shear strass requirsd to glide the dislocation in the opposi:a[:llﬁ]
direction. Ia the present case it is of interest to note that the easy
glide directicn corresponda to the twinning (not the anti-twinaing)

direction in 8.
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The a slip systems are labelled 3, R, S, E in accordance
with the nomenclature of Ankem & Margolin (13) who have analysed the
elastic interactions which occur at Widmansctatzan a/8 interfaces for
S4 orientations of the stress axis with respect to the interface.

The elastic shear stresses were resolved onto the basal, prism and
pyramidal slip systems of the & phase in order to determine the effect

of the resolved compatability shear strains on the iniriation of siip

in the two structures. The analysis was quite general for the 34 stresses
chosen, all variants of basal, prism and pyramidal slip systems were
considered, irrespective of whether they corresponded to slip systems

in the 8 or not. In this work the habit plane was fixed as (534)3 and

two variants of the orientation relationship were considered:-

(110)4//(0001) | 3 )
- - which gives (334),//(5140)
L1l /0]
and
DM (536) ,//(T3580)
which gives (334),//(I3580
11 3 8
Ciu ]B//[zuo Je a

The first of these corresponds to the variant chosean above and is
in accordance with the crystallographic relacionships normally observed.
Although most of the calculations were made on the basis of the second
orientation relationship, it was found that the differences between the
calculated elascic strains for the two orientation relationships were
less than 5%.

The strass axes which give rise to strcug or sigmificanc
interactions have been identified from tha paper 3f Ankam and Margolia (13)

and are indicated in Fig. 4. The captions indicate the effect of 8 om

opposing or aiding the initiation of slip im a. It will be seen that the

interactions on basal and pyramidal slip systems are 'significaat’ or

'strong’' and generally the stresses act in such & way that a slip in these

orwaramn $a Taliaal
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It is also of interest to identify the parellel slip and

twin systems for the second orientarion relationship, Fig. 5.

a (oo [2ud sraiz ] ]
p o (oli) (Fug] s/aony ], '
Q (olin) [Fuq] s/ [,
D (ooon) (Zridl //(r10) (T,

The letters A, P, Q, D refer to theaslip systems of Ankem and
Margolin (13) and in this case none of the 54 stress axes considered

. gave rimto strong 678 significant stress interactions for these systems.

Hence, the elastic stress interactions are important only in the former

case (Fig. 4) in which the a slip vector lies close to the interface plane.
The effect of the interface phase on the propagation of slip

will now be considered. As shown above, there are two orientation

relationships which, on the basis of the martensite analysis described

above, differ by only a faew degrees. Close parallelism between the

same variants of a, f.c.c. and 3 slip and twinning systems will therefore

occur for the two f.c.c. orieatations which would therefore be expected

to have the sama affect upon slip propagation across the interface.

However, the analysis has been generalised on the basis that the two

f.c.c. orientaticns are distincet, viz

(110)3//(0001)6//(111) fce

[-11?- ]B/II:IZIO Ia.//l-o.n j‘f.c:.c:.
and

(uo)s//(ooonall (oo fee

[l /1] /00 ],
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For the first of these orieantations:-

E (110)3//(0001)3//(111)fcc
- o -
R (011)3//(1011)a ~ 100 from (lll)fcc
and for the secound:~-
- - o -
] (101)8//(1011)0 ~107 from (111)fcc

- ° -
R (011)8//(1011)0. ~107 from (111) fee

Hence, in @ither case there are two parallel or closely parallel slip
systems in a, the interface phase and 3.

This analysis is only applicable, or useful for the case
where one variant of the intarface phase (the 'momolithic' form) occurs.
For tha polycrystalline form many f.c.c. shear systems will be found to
ve parallel or closely parallel to the a and 8 shear systems and therefore
any effect which the interface phase may have on inhiditing slip
propagation will not arise from the crystallography, but will arise

rather from the interactions which occur when dislocatioms moving from

the 8 or a meet a fine-grained polycrystalline stzucture.
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3} Electron Microscepy of the Interphase Phase

The resuylts described in this section are less extensive chan fj

4
hoped partly because of the electropolishing problems discussed above. ;

Further work was carried out in the U.K. on the remaining available matarial

and using the Philips EM300 electron microscope at the Department of

Metallurgy, University of Leeds and the IMV A.Z.I. high voltage microscope
at the British Steel Corporation Research Laboratories at Sheffiald, but with
little more success. However, it should be notad that further non-¥n
containing @ + B alloys have subsequently been procured and it anticipated
that the project will be pursued in the future at the University of Leeds

as part of M.Phil or M.Sc. research projects. Copies of such project raports

will be wmade available.

Ti-1.8%7Mn, Deformed 1%

As discussed above (Section B) the alloy was heat treated to
produce a distribution of Widminstatten and grain boundary a with 18%
untransformed 3. The a phase showed a uniform distribution of tangled
dislocations (Fig. 6) which wers prcbably inberited from the 3 - a
transformation. Dark field smalyses showed that these dislocations had 2
type Burgers rectors. Fig. 7 is a dark field micrograph using'{lofi}a
reflection and Fig. 8 is a dark field micrograph using = (0002)u reflection
in which the dislocations are out of contrast. Figs. 6 and 8 also show a
low volume fraction of precipitaces or inclusioms. Although these sppear
to be strongly‘diffracting in Fig. 8, no 'extra' spots could be detected in
the electrom diffraction pattarns from which an identification could be made.
Many regions of the foils showed no such particles and it is supposed that

they are inclusions.
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Fig. 9 shcws the interface between 1 and 3 and the interface phase
which appears to consist of small platelets at an angle to the boundary -
i.e. the "polyerystalline" form and Fig. 10 is a2 dark field micrograpn of
the same area. It is clear, particularly from Fiz. 10 that the interface
phase has grown into the 3 as expected. What is surprising in this case
is that the 3/interface phase interface is smooth.

Figs. 11 and 12 show similar structures, in particular (Fig. 12)
the irregular nature of the interface phase platelets. it is possible that
Fig. 12 shows the "f.c.c. twirned" form since about half the platelets
appear to be in contrast dut the diffraction patterns could not confirm this
The "speckly" contrast within the platelets are probably Bragg (bend)
contours indicating dis:orﬁion within the platelets themselves.

In order to observe the effect of the interface phase om slip
propagation, it is important that the compression should give rise to a
fairly high densizy of clearly discernible slip bands. It became evident
that 17 compressive strain had not generatad slip bands in sufficieant

nuobers for them to be detecrad in the small areas available for cbservation

in the thin foils a problem which was exacerbated in the present case becaus

of the electrcpolishing problem. Hence specimens deformad 5% and 6% (1% plu

an additional 5%7) were examined.

Ti-1.82¥n, deformed 3%

Fig. 13 shows rhat the densiry of dislocation tangles in the ¢
phase has increased (c¢f Fig. 6) and that a proportica of the dislocatioms
have a ¢ + a type Burgzers vector as shown by the dark field micrograph
(Fig. 14) taken using an (oeoz%‘reflec:ion (cf Pig. 8). The dislocatioms
also lie on fairly well defined slip bands (Fig. 15) which trace amalysis

generally indicated as'{lofl}u.

b s <o

{
;‘




Fig. 16 is a dark field micrograpn using a’ {110}, (includes a
'{lll}fcc) reflection and shows a central band of ratained 3 with ome

variant of the interface phase in contrast. Within the 3 are claarly
defined slip traces which trace analyse %o {112}s (trace A) and"(llZ}s
gg:illo}s (traces B and C). Fig. 17 is a dark field micrograpa (slightly
displaced from Fig. 16) taken using a'{lofl}a reflection.

Electron diffraction showed cthat the o and 3 lattices existed in
the expected Burgers orientation relationship and the interface phase in the
orientation relationship (a) (page 10). The 2/3 habit plame was confirmed
to be :he.{334}B type. As can be .seen from the above micrographs, there

is no avidence of slip across the intarface phase.

Ti-1.82Mmn, deformed 62

It was hoped that increasaed deformation would give a graater
concentration of slip bands both in & and 8 from which the effect of the
interface phase could be ascertazined more clearly. Fig. 18 is a dark
field micrograph using a'(1150}a reflection again showing a slip bands which
- appear to be arrested at the interface phase (which is out of comtrast).
Fig. 19 is a bright field micrograph, again showing a slip bands and the
"patal like" surface oxide in the 8 phase. This oxidation prcblem, as
dsationed above, affectively masked any 3 slip bands. In one case was
clear evidence of deformation across the interfacs obtained (Fiz. 20),
but this shows a'{lofl}a twis (not slip trace) extending across cthe
central B3 phase region. Unfortunately the interface phase could not

be brougit intc contrast because of the specimen tilting limitations
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(D) CONCLUSICNS AND SUGGESTION FCR FUTURE WORK

The theoretical malysis of the crystallography of the
incerface phase in tarms of the phenomenological theory of martensice
transformaticns appears to be satisfactory and aiso to have am exact
corollary with the (reverse) bec - ez tramsformation for Fe-Ni alloys
(Appendix E). It also suggests the possibilicy that the observed orientatic
relationship (a) or (b) (page 10) wmay de used to predict the temperaturs
of formation of the interface phase, orientation (b) teanding to occur at
higher temperacures than orientation (a) (page 11). The znalysis is
unfortunately of no help in determining why differeant morphologies
("monolithic','cwinned' or 'polycrystalline') of the interface phase occur.

The analysis of slip propagation across the iaterface phase is
clearly much mora complicated when this phase exists in the twinpned or
polycrystalline forms, as was indeed observed in the preseat alloys. The
small crystallite sizes complicate and obscure the comtrast of dislocations
crossing the interface and the complex diffraction patterns vitiate 3urgers
vector analysis. It is therefore important to be able to select analloy
system and heat treatmsut which gives rise to the single crystal 'monolithic
form whare these problems can be avoided. It is hoped that this line of
approach will be pursued in the future.

Howsver, the analyses of Saction C2 and the axperimental resul:s
do suggest that the polycrystalline intarface phase does act as a barvier
to slip propagation even though the details of the mechanism, 23 discussed
above, are not clear,

It is suggested that future work should comcentrate on the Ti-Al=-V

alloy system since;
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(1) Ti~6%241-4%V gives rise, under certain heat treatment
conditions, to the momolithic form of the interface phase.

{2) The oxidation problems which arise with manganese, will

not occur.

(3) The presence of Al will suppress the 8+w transformacion.




() APPENDIX

ORIENTATICN RELATIONSHI2 VARIATIONS IN f.c.c. -~ b.c.c. FERROUS

MARTENSITE TRANSFORMATIONS

The basic theory and data on which this Appendix is based
is to be found in J.S. Bowles & J.K. Mackenzie "The Crystallography
of Martensite Transformations III. Face Centered Cubic to Body
Cantered Tetragounal Transformations” (Ref. 14). The skacch below
is an expanded version of Fig. 7 of this paper which refers to the

special case of cubic martensites.
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It should be noted that the variant of the correspcndence for £.c.c.

-

b.c.c. usad by Bowles and Mackenzie is different from that used in

Section C of this report. It is:-

(sc._.) - 101
1ol
010

The dashed line gives the predicted habit plane for cubic

a-DCC\ 2

a
fcc/
where § = dilatation paramecer (a2ssumad to be unity). The parameter

2 2
martensites for varying values of the parameter 0~ = §~ (

@ (used by Bowlas & Mackenzie), is related to P, the principal lattice

strain as used in this report as follows:-

a .
Pl - = fce . o 1
2 abcc 1 72 9
or 8 --—lz_
2,

P1 92
1.00 0.50
0.98 0.521
0.96 0.543
0.94 0.566
0.92 0.591
0.90 0.617
0.88 0.646
0.86 0.676
0.84 0.709

i ——————— s e




"
when PI =1 (3 = 0.5) the LIS is zero and the b.c.:. and f.c.c. latcices

2xist in the Bain oriencation relationship which on the above Bowles &

Mackenzie variant of the correspondence is:-
(°1°)fcc//(°°1)bcc

(1o1) //(1oc)b‘:c

fec
and the habit plane is parallel to (010) fc'c//(ool)bm. As P1 decreases
below 1 (and 92 increases above 0.5), the transformation is accomplished

by cthe Bain strain plus an increasing lattice invariant shear. The lattices
rotate away from the Bain orientation relationship as indicated by the
arrowed b.c.c. poles in the diagram. Note in particular that as (001)bcc

rotates away from (101) . _, (101) rotates towards (111)_ _ amd [111 7,
bee fce = "7 ~<Ddecc

fee
Totates towards Elfo] fee giving, of course the RKurdjumov-Sachs
orientation relationship. The Nishiyama orientation relacionship (101)b c c/ /
(1) ... and Emijbcc/”:liljfcc is 'intermediate' between Bain and.
Xurdjumov—-Sachs.

At the same time the Eabi: plane moves along the dotted line.
The calibraction marks along this line give the predicted habit plane for

a particular 92 value.

Comparison of Theory with Experiment

The ez values for farrous transformations are in the range 0.61-
0.65, which is rather limited. Furthermore the Zetragonmality of carboen-
containing martensites complicates the analysis - there is, for example,
a different habit plane curve for each “/a ratio.

Thus the cowparison can only be carried out in a straightforward

sanner for the bec martensites - Fe-Ni and Fe-0%C. Using the data reproduct

in Table 1 of Ref. l4.

T T T T e - e




Composition 62(5-1)

Fe~0%C i.e. FeQZNi 0.6850
Fe~-30ZNi 0.642
Fe-~32.57N1 0.840

dence, as the Ni content increases, 62 decreases, the habit
plane would be xpected to move along the curve to decreasiag 3 values and
the orientationship would be expected to move in the general sense:-
Kurdjumov-Sachs - Nishiyama + Bain. This is indeed the case -
the Fe-0ZC transformation (and Fe-low C steels which have similar 62 values)
shows (approximately) the RXurdjumov-~Sachs orientation relationship and the
Fe-Ni alloys show (approximacely) the Nishiyama relationship. The 62 values
are not of course sufficiently small (i.a. do not approach 0.5) for the
predicted orientation relationship to become very close to Bain. Hence,
it appears that the relationships between lattice parameter ratios, orientation

relationships and habit planes discussed for the titanium alloys case apply

in a similar way to the farrous alloys case.
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Figure 1l(a).

The 'inverse' Rurdjumov-Sachs mechanism for
bec + fce transformation. A (011)8 projection ;
showing atom displacements resulting from an

a/g [0I1] shear on every (Ol1), . plane. The
atoms in each successive (on)bcc plane are
reprasented by 0, X symbols. The first O layer
of atoms is unchanged, the next X layer of

atoms shifted 2/, (oI, the next layer shifted
a/¢ [0I1] + a/¢ [oI1] = 3/, [0I1] and so on.




INVERSE' KURDJUMOQV-SACHS MECHANISM

\Qﬂ]ﬁ / (77 l]ﬁ

G——o—

— . —

[OTI]E . (0.'.”3,_ Projecﬂgp__
Shear (011) [ 0TI 1 ] ﬁ

(a/6 [ 0 11 ] dislocations across

. — —

every (O 11 )B plane)




Figure 1l(b).

A (lll)fcc projection showing the resulting atom
arrangement and "distorted fcc" cell (compare
with Fig. la).

The additional strains to generate the £cc structu

are:

3bee qfce : p -
—/5—') -:/-_3:—- in EOll] bcc// Ell.\.jfcc

Boee> Bage, tn BllLe//Mifl,

Abee »/;- fee  in  (Toq), .//0116), .




(11 )fcc Projection {'{0 |] ¢
.C.C.

= [110] fcc
(2] fcc ?
Distortions: -~
In [011]),//[111] 28 > %cc
B fcc J2 R

In [OTllb//[llilfcc JzaB*J%afcc

- - d
In [100.]B//[110]fcc 4 ¥ 2 fcc




Pigure 2. The (inverse) Bain correspondence betwaen the bcc
and fcc lattices and the principal lattice strain ]
P, ia the (OOl)bcc//(OOl} fce ?lane.

1




(OOI)B
A (OO”fcc

{100)
/(l IO)chc

(Inverse) Bain Correspondence:

P

= Principal Lattice Strain: «/235 ~ ‘%‘fcc,

fcc

P; = 23, o ¢

1




Figure 3.

Stereogram shcwing the crystallography of the b.c.c
£.c.c. martensite transformaticon for System II latt
invariant shear. The arrows indicate the direction
of movement of the {loo}fcc poles with decreasing @
values, the graduatad marks osn the loci indicate

the positions of the {loo}:.cc poles for 2, values

1.00, 0.98, 0.96, 0.94, 0.92. The locus H similarl
indicates the zositiocn of the habit plane. Yote

that is P, decreases, (lll) scc TOVes towards (Oll)b‘
and (101l) fcc WOVes towards (lll)bcc (shear System I:

is (ol1) [01I]___ corresponding to (11l) Q2] _.
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Figure 4.

Sterecgram indicating the parallel or closely
parallel shear systems in «¢ and 8 for (534)3//(3140
habit plane interactions. Effect of 3 cn initiatio

of slip in a.

Abbreviations: @ stress axes
A aids
O oppcses
vV very
Si significantly
St strongly
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Pigqure 5.

Stereogram indicating parallel slip systems in 2 an
8 for (534)3//&3530)& habit plane.
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Figure 6. Ti-l.8%Mn. Deformed l%. Showing dislccation tangle

and unidentified precipitates or inclusions

Figure 7. Ti-1.8%Mn. Deformed 13. {10Il} dark field
micrograph showing dislocations in contrast.







Figure 8. Ti-l.83Mn. Ceformed 1%, (0002)(: dark £ield
micrograph showing Bragg contours and zero
dislocation contrast. Note precipitates/inclusion: ;‘
in contrast. g

Pigure 9. Ti-1.8%Mn. Deformed 1%3. Showing o (with dislocat:

tangles) , 3 and interface phase.







Figure 10. Ti-l.8%Mn. Deformed 1%.

Figure 1l. Ti-l.33Mn. Deformed 1ls%.

Dark field micrcgraph
corresponding to Fig. 9 using {lofl}a reflecticn
(coinciding with {lll}fcc interface phase).

Showing =/interface phase,







Fiqure 12. Ti-1.83Mn. Deformed 1l%. Dark field micrograph
corresponding to Fig. 1l using (111} foc interiace 3
phase reflection.

Figure 13. Ti-l.8%vn. Daformed 53. Showing dislccation
tangles (compare with Fig. 6).







Figure 14. Ti-1.8%Mn. Deformed 5%. Dark field micrograph
using (0002) , reflection, showing scme ¢ + 2 type
dislocations in contrast.

Figqures 15. Ti-1.8%Mn. Deformed S%, Dark field micrograph of

'{2132}6 reflection showing slip bands on a {loil}G







Figure 16. Ti-l.8sMn. PDeformed 5%. Dark field micrograph

using common {llo}s//{lll}fcc reflection showing
cne variant of the interface phase and a {112}
trace () and {112}, ox {110}, traces (B & C).

Figure 17. Ti-l.88Mn. Daformed 5%, Dark field micrograph

of a’ {1oI".}° reflection (c.£. Fig. 16).
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Figure 18. Ti-l1.88Mn. CDeformed 6%. Dark field micrograph
using a {1120} reflection, showing a slip bands

arrested at the interface.

Figure 19. Ti-1.8%Mn. Deformed 6%. Bright field micrograph
. showing slip in a and surface oxidation in the 3 pt
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Figure 20. Ti-1.83%3Mn. Deformed 6%. Bright £ield micrograph
showing {loil}a twin crossing a/8 - 8/a interfact










